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$EVWUDFW,QWKHPHWDOZRUNLQJLQGXVWU\FRQWLQXRXVPRQLWRULQJDQGFRQWURORIWHPSHUDWXUHLVYLWDO
WRHQKDQFHSURFHVVHI¿FLHQF\UHGXFHZDVWDJHDQGDWWDLQSURGXFWUHOLDELOLW\LQKLJKYDOXHPDQXIDF-
turing processes. The capabilities of conventional techniques such as the use of thermocouples and 
infrared thermometry for measuring temperature in these processes are limited. For example, in 
forging processes, there may be a need for mechanical alteration of the die to accommodate thermo-
FRXSOHVIRUGLHVXUIDFHWHPSHUDWXUHPHDVXUHPHQWVDQGZLWKLQIUDUHGWKHUPRPHWU\NQRZOHGJHRI
the emissivity of the surfaces of process components is required for accurate temperature measure-
PHQWV*LYHQWKDWSKRVSKRUWKHUPRPHWU\KDVQRWSUHYLRXVO\EHHQXVHGLQPDQXIDFWXULQJSURFHVVHV
KHUHZHUHSRUWLWVSRWHQWLDOLPSOHPHQWDWLRQXVLQJWKHSKRVSKRU0J)*H20QIRUPHDVXUHPHQWV
of die surface temperature in a forging press. First, with this phosphor, laboratory trials were con-
ducted to describe the cyclic heating of a die by pre-heated billets, which is a process leading to 
thermal fatigue that requires monitoring in practical applications. Then, the phosphor thermometry 
technique was demonstrated for die temperature measurements on a 2100 tonne screw press at the 
$GYDQFHG)RUPLQJDQG5HVHDUFK&HQWUH$)5&7KHUHVXOWVVKRZWKDWSKRVSKRUWKHUPRPHWU\LV
a candidate technique that would potentially enable more accurate measurements not possible by 
other techniques in this manufacturing process.
Keywords: Surface thermometry, Phosphor thermometry, Manufacturing processes, Forging die
INTRODUCTION
,Q PDQXIDFWXULQJ SURFHVVHV RI PHWDOZRUNLQJ LQGXVWULHV PRQLWRULQJ DQG FRQWURO RI WHPSHUDWXUH LV
HVVHQWLDOLQDWWDLQLQJKLJKSURFHVVHI¿FLHQF\ZKLFKLVGLUHFWO\OLQNHGWRWKH¿QLVKHGSURGXFWDQGSURFHVV
PDFKLQHU\3URGXFWVRIDPDQXIDFWXULQJSURFHVVPXVWPHHWVSHFL¿FVWDQGDUGVUHODWHGWRIRUH[DPSOH
WKHLUVXUIDFHTXDOLW\PHFKDQLFDOSURSHUWLHVDQGVKDSHZKLFKDUHDOOLQÀXHQFHGE\WKHRSHUDWLQJSURFHVV
WHPSHUDWXUHV $OVR NH\ FRPSRQHQWV RI WKH SURFHVV PDFKLQHU\ PXVW EH DEOH WR ZLWKVWDQG UHSHDWHG
thermal cycling and mechanical loading at high temperatures. For example, in die-casting dies, where 
GHSHQGLQJ RQ WKH UDWH RI H[SRVXUH RI WKH KRW ZRUN PHWDO WKH FDVWLQJ WHPSHUDWXUH LQGXFHV WKHUPDO
JUDGLHQWVEHWZHHQWKHVXUIDFHDQGLQWHULRUSDUWVRIWKHGLHDQGWKXVDIIHFWVLWVSHUIRUPDQFH>@5HSHDWHG
heating and cooling of the die leads to expansion and contractions of the die surface thereby resulting 
LQWKHUPDOIDWLJXHFUDFNLQJ$GGLWLRQDOPHFKDQLFDOORDGLQJRIWKHGLHIXUWKHUSURPRWHVGHWHULRUDWLRQ
RIWKHGLHOHDGLQJWREUHDNGRZQRYHUWLPH,QVXFKSURFHVVDVZHOODVRWKHUPDQXIDFWXULQJSURFHVVHV
WHPSHUDWXUHPRQLWRULQJKHOSVLQPDNLQJPDQXIDFWXULQJLQGXVWULHVVXVWDLQDEOHE\UHGXFLQJRSHUDWLRQDO
GRZQWLPHDQGFRVWVDVVRFLDWHGZLWKPDFKLQHU\EUHDNGRZQV
A number of well-established thermometry sensors, such as thermocouples, pyrometer, thermal 
cameras, have been implemented to monitor the temperature in manufacturing processes. However, they 
SRVVHVVVSHFL¿FOLPLWDWLRQVZKLFKKLQGHUWKHLUXVHDQGDOVRFRQWULEXWHWRXQFHUWDLQWLHVLQWHPSHUDWXUH
PHDVXUHPHQWV LQ VRPH RI WKHVH SURFHVVHV )RU H[DPSOH HVWDEOLVKLQJ ¿UP FRQWDFW ZLWK WKH VXUIDFH
of components is a fundamental requirement when using thermocouples. This is a challenging and 
LQFRQYHQLHQW WDVN LQSURFHVVHVZKHUH WKHFRPSRQHQWVDUH LQPRWLRQRUZKHUHH[FHVVLYHIRUFHVIURP
mechanical loading are required for metal forming. With non-contact sensors such as pyrometers and 
WKHUPDOFDPHUDWKHHPLVVLYLW\RIWKHVXUIDFHVRIFRPSRQHQWVZKLFKPRVWWLPHVLVXQNQRZQDQGWKH
FRQWULEXWLRQVRIEDFNJURXQGUDGLDWLRQDUHLQWULQVLFLVVXHVZLWKLPSOHPHQWLQJWKHVHVHQVRUV
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3KRVSKRU WKHUPRPHWU\ LV DQDOWHUQDWLYH WHFKQLTXHZKLFK WR WKHDXWKRU¶VNQRZOHGJH LV\HW WREH
LPSOHPHQWHGIRUWHPSHUDWXUHPRQLWRULQJLQPHWDOZRUNLQJLQGXVWULHV 7KLVWHFKQLTXHZDVLGHQWL¿HG
DVDFDQGLGDWH WHFKQLTXHXQGHU WKH WKLUGZRUNSDFNDJH:3RID UHFHQWSURMHFWFDOOHG(035(66
(enhanced process control through improved temperature measurement) funded by the European 
0HWURORJ\ 3URJUDPPH IRU ,QQRYDWLRQ DQG 5HVHDUFK (03,5 DLPHG DW UHGXFLQJ XQFHUWDLQW\ LQ
temperature measurements in manufacturing processes. Here, with the support of the University of 
6WUDWKFO\GH¶V$GYDQFHG)RUPLQJDQG5HVHDUFK&HQWUH$)5&DOVRDQ(035(66SURMHFWSDUWQHUZH
describe a laboratory-based implementation, together with the industrial-based implementation of the 
utility of phosphor thermometry for temperature monitoring in the manufacturing industry.
METHODOLOGY
7KH SKRVSKRU PDQJDQHVHGRSHG PDJQHVLXP ÀXRURJHUPDQDWH 0J)*H26:Mn) was selected for its 
temperature sensitivity and its broad excitation spectrum which meant it can be excited with light 
VRXUFHV VXFK DV ODVHUV DQG /('V ZLWK ZDYHOHQJWKV OHVV WKDQ  QP 7KH OXPLQHVFHQFH WHPSRUDO
response of Mg)*H26:Mn is sensitive over a wide temperature range (23 o&± oC) with decay WLPHIURPDURXQGPVWRDURXQGQVLQWKLVWHPSHUDWXUHUDQJH>@:LWKWKLVSKRVSKRUDFRDWLQJ
ZDVSUHSDUHGDVDPL[WXUHRIWKHSKRVSKRUSRZGHUDQGKLJKWHPSHUDWXUHELQGHU&HUDPDELQG
Amerco) and was then applied on the die surface for thermometry.
Figure 1. Schematic of (a) laboratory-based demonstration setup for die surface temperature measurements (b) 
industry-based demonstration setup for die surface temperature measurements on the 2100 tonne screw press at AFRC.
Laboratory-based implementation: /DERUDWRU\WULDOVZHUH¿UVWSHUIRUPHGWRGHPRQVWUDWHWKHXWLOLW\
of phosphor thermometry in capturing the cyclic heating process of a die by a set of heated billets. In 
manufacturing processes such as in screw press forging, such repeated thermal cycling leads to thermal 
fatigue of the die and thus requires monitoring. Here, the phosphor coating was applied as a strip (30 î
mm) on the die surface just close to the die cavity where the billets would be placed for a typical forging 
SURFHVV$PGLDPHWHUW\SH.WKHUPRFRXSOHZDVDOVRDWWDFKHGWRWKHGLHVXUIDFHWRPRQLWRUWKH
GLHWHPSHUDWXUHZLWKLWVWLSSODFHGaPPIURPWKHHQGRIWKHFRDWLQJ)RXUF\OLQGULFDOELOOHWVRQH
ODUJHELOOHWPPGLDPHWHUPPORQJDQGWKUHHVPDOOELOOHWVHDFKPPGLDPHWHUPPORQJ
ZHUHKHDWHGWRo&LQDQHOHFWULFDOWXEHIXUQDFH67)&DUEROLWH*HURDQGWKHQDOWHUQDWHO\
WUDQVIHUUHGDQGUHSODFHGRQHE\DQRWKHULQWKHLQLWLDOO\FROGoC) die cavity. As shown in Fig. 1(a), 
WRH[FLWHWKHSKRVSKRUWKHFRDWLQJZDVLOOXPLQDWHGE\DQXQIRFXVHGODVHUEHDPIURPD1G<$*ODVHU
1DQR/*/LWURQ ODVHUVRSHUDWLQJDWD UHSHWLWLRQUDWHRI+]DQGZDYHOHQJWKRIQP
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/XPLQHVFHQFHUHÀHFWHGRIIDo inclined mirror was detected at a central wavelength of 660 nm by a 
PRQRFKURPDWRU6SHFWUD3UR+563ULQFHWRQLQVWUXPHQWVZKLFKKDVD3KRWRPXOWLSOLHUWXEH307
5+$+DPDPDWVXPRXQWHGDVDQRSWRHOHFWULFDOGHWHFWRU/XPLQHVFHQFHVLJQDOVGHWHFWHGE\WKH
307ZHUHGLJLWL]HGE\DSLFRVFRSH' Picotech) and then processed to evaluate the decay times. 
Industry-based implementation: In practical forging applications with a screw press, the bottom die 
ZKLFKLVHPEHGGHGLQDEROVWHU LVSUHKHDWHGWRWHPSHUDWXUHVDURXQG± oC before the forging 
process commences. This decreases the temperature difference between the die and the heated preform 
which is typically heated to temperatures between 800 -1100 o&DQGDOORZVWKHSUHIRUPWRÀRZHDVLO\
when being deformed under the application of pressure by the top die and also help to reduce die wear. 
Here, we used phosphor thermometry to monitor the rise in the die preheat temperature of the 2100 
WRQQHVFUHZSUHVVDW$)5&7KHUHVXOWZDVFRPSDUHGZLWKPHDVXUHPHQWVWDNHQZLWKWZRWKHUPRFRXSOHV
¿[HGWRWKHGLHVXUIDFH(180 î 290 mm) at different positions with their tips within 10-30 mm from the 
HGJHRIDSSOLHGSKRVSKRUFRDWLQJZKLFKLVaPPLQGLDPHWHUTo do this, given that laser systems, 
more so, those operating in the UV, generally raise safety concerns in manufacturing industries, a LED 
0/7KRUODEVRSHUDWLQJDWDZDYHOHQJWKRIQPZDVHPSOR\HGDVWKHH[FLWDWLRQVRXUFH8VLQJ
DIXQFWLRQJHQHUDWRU6)*JZLQVWHNWKH/('ZDVGULYHQE\DVTXDUHZDYHVLJQDODW+]ZLWK
DGXW\F\FOHRI7KH/('OLJKWZDVIRFXVHG WRH[FLWH0J)*H26:Mn phosphor coating on the GLHVXUIDFH$GHWHFWLRQXQLWFRPSULVLQJRIDFROOHFWLQJOHQVDQPORQJSDVV¿OWHUDQGDEDQGSDVV
¿OWHU20 nm), detected the luminescence. The LED and the detection unit were both mounted on a 
structural assembly placed close to the screw press as shown in Fig. 1(b). Luminescence signals detected 
by the PMT were also digitized by the picoscope and then post-processed to evaluate the decay times.  
To calibrate the temperature dependence of luminescence decay times of Mg)*H26:Mn, an aluminum EDUPPORQJPPZLGHPPWKLFNZLWKWKHSKRVSKRUFRDWLQJDSSOLHGRQRQHRILWVVXUIDFHV
ZDVKHDWHG WR DERXW oC in the electrical tube furnace and then transferred to the measurement 
region to cool to room temperature. A thermocouple inserted in the aluminum bar was used to monitor 
the temperature changes while a calibration routine was performed as the temperature dropped to room 
temperature. 
RESULT AND DISCUSSIONS
Figure 2. Temperature measurements showing cyclic heating of a die by heated billets.
Laboratory-based implementation: Figure 2 shows the evolution of the die surface temperature over 
time as the heated billets were transferred into and out of the die cavity one after another. Heat transfer 
IURPWKHKRWODUJHVWELOOHWZKLFKZDV¿UVWWUDQVIHUUHGLQWRWKHFDYLW\FDXVHGWKHGLHWRKHDWXSUDSLGO\
and then, replacing individual billets in the cavity by the next heated billet led to cyclic heating of the 
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GLH$VVKRZQWKHUHLVDQH[FHOOHQWDJUHHPHQWEHWZHHQWHPSHUDWXUHPHDVXUHPHQWVWDNHQE\SKRVSKRU
thermometry and the thermocouple. Here, over the measurement duration, the mean deviation of 
measurements with phosphor thermometry from the thermocouple measurements is 1.7 oC with a 
maximum deviation of 9.2 o&7KHVHGHYLDWLRQVDUHLQSDUWOLNHO\GXHWRWKHORFDOWHPSHUDWXUHYDULDWLRQV
on the surface of the die where the coating and the thermocouple were located. Local temperature 
YDULDWLRQXSWRo&ZDVQRWLFHGIRUWZRWKHUPRFRXSOHVZLWKWLSVSODFHGaPPDSDUWRQWKHGLHVXUIDFH
Industry-based implementation:7KHGLHSUHKHDWWHPSHUDWXUHULVHRQWKHVFUHZSUHVVDW$)5&PHDVXUHG
with phosphor thermometry is shown in Fig. 3. Because of the large mass of the bolster which holds 
WKHGLHDQGWKHFDUWULGJHKHDWHUVWKHWLPHWDNHQWRKHDWWKHGLHWRWHPSHUDWXUHVDERYHoC is above 
KRXUV2YHUWKLVWLPHSHULRGWKHPHDQGHYLDWLRQLQWHPSHUDWXUHPHDVXUHGE\WKHWZRWKHUPRFRXSOHV
¿[HGRQWKHGLHVXUIDFHFORVHWRWKHSKRVSKRUFRDWLQJLVoC, with a maximum deviation of 12.2 oC. 
This partly suggests that the temperature across the die surface is not uniform. In Fig. 3, the mean 
temperature measured by these two thermocouples at individual times of measurement is plotted and 
FRPSDUHGZLWKWKHFRUUHVSRQGLQJPHDVXUHPHQWVZLWKSKRVSKRUWKHUPRPHWU\WDNHQ7KHUHLVDOVRDJRRG
DJUHHPHQWEHWZHHQWKHVHPHDVXUHPHQWVDVWKHPHDQGHYLDWLRQRIPHDVXUHPHQWVWDNHQZLWKSKRVSKRU
WKHUPRPHWU\IURPWKHUPRFRXSOHPHDVXUHPHQWVLVoC, with a maximum deviation of 10.1 oC. 
Figure 3. The rise in die preheat temperature measured on a screw press.
CONCLUSIONS
Temperature sensors allow optimisation of process control and enhancement of quality assurance in 
various manufacturing processes. In this paper, phosphor thermometry was shown to be a candidate 
technique suited to be implemented for accurate temperature measurements in manufacturing processes. 
7KHZRUNUHSRUWHGKHUHDFWVDVDSULPHUIRUDODUJHUSURJUDPIRUPLQJDSDUWRIWKH(035(66,,SURMHFW
FRPPHQFLQJVKRUWO\)XUWKHUZRUNZLOOEHFRQGXFWHGWRLPSOHPHQWDQGFKDUDFWHULVHWKHWHFKQLTXHIRU
real-time screw press die temperature monitoring under typical conditions of cyclic die heating by 
preforms, mechanical die loading, and application of process lubricants.
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